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Abstract: CrN coatings were deposited using cathodic arc evaporation in stationary system on the substrate surface faced to the 
plasma source and on the back surface. The effect of nitrogen pressure on the structure and phase composition, mechanical and 
tribological properties of the coatings was investigated. The coating morphology and structure were characterized using SEM and 
contact profilometry and X-ray diffractometry, respectively. Mechanical properties were studied by nanoindentation. The friction and 
wear properties of the coatings were investigated by ball-on-disk tribometer. An increase in nitrogen pressure during coating 
deposition results in phase transformation according to the relation Cr2N → Cr2N + CrN → CrN. The roughness of the coatings 
deposited on the front side of the substrate is higher than that on the back side, mainly due to larger number of macroparticles. The 
hardness and elastic modulus are also higher on the front side of the substrate. The adhesion and wear rate of the coatings have an 
inverse relationship. 
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1 Introduction 
 
    Due to good chemical, mechanical and tribological 
properties, PVD hard coatings based on transition metal 
nitride coatings are widely applied [1−3]. Chromium 
nitride coatings as one of them are characterized by high 
hardness and chemical inertness. They show excellent 
resistance in corrosive environments and in areas where 
friction is present [4]. Chromium nitride coatings    
can be prepared using different PVD methods, for 
example, by cathodic evaporation [5−11] or magnetron 
sputtering [12,13]. The deposition method and 
technological parameters strongly influence the chemical 
composition and microstructure. The increase in nitrogen 
pressure changes the phase structure of the coatings 
according to the relation Cr → Cr + Cr2N → Cr2N → 
Cr2N + CrN → CrN. Because of different chemical 
compositions, these phases exhibit different physical 
properties [6,12,14]. 
    The above deposition methods have their 
advantages and disadvantages. The coatings formed 
using arc evaporation have better adhesion to the 

substrate, higher hardness and density. The magnetron 
sputtered coatings are characterized by a smooth surface 
without defects [15,16]. 
    The disadvantage of the most common method of 
forming thin hard coatings, cathodic arc evaporation, is 
the large number of defects on the surface. The 
improvement of the surface quality can be obtained by 
using the so-called plasma filters [7]. They significantly 
reduce the number of the surface defects and the 
deposition rate of the coatings. Therefore, the studies are 
needed to achieve a smooth coating with comparable 
mechanical and tribological properties in a reasonable 
time. There are only a few works on this subject. The 
effect of deposition on the front and back surfaces in a 
stationary system is described, in our knowledge, for  
TiN [17] and ZrN [8] and partly for CrN [9,18,19] 
coatings. Such effect is observed, for example, for TiN, 
ZrN and TiAlN [8,17,18]. An additional effect is 
simultaneously observed: a significant increase in the 
deposition rate on the back side (with respect to the 
cathode) of the samples having diameter less than     
50 mm [17]. The investigations of Ti-based coatings 
deposited using arc evaporation indicate that with the  

                       
Corresponding author: B. WARCHOLINSKI; E-mail: bogdan.warcholinski@tu.koszalin.pl 
DOI: 10.1016/S1003-6326(19)64990-3 



B. WARCHOLINSKI, et al/Trans. Nonferrous Met. Soc. China 29(2019) 799−810 

 

800

increased nitrogen pressures, droplet-free coatings are 
possible to form on the reverse side of sample of small 
pieces [17]. This means that plasma filters have not to be 
applied. Additionally, the deposition rates on the front 
and reverse sides of the substrate with respect to the 
cathode, are comparable, and low surface roughness and 
high nanohardness on the reverse side of the substrate are 
observed. In the case of ZrN coatings deposited in the 
range of nitrogen pressure from 0.2 to 6.65 Pa, it was 
found that deposition rates on the front and back sides of 
the substrates are similar if their diameters are less than 
40 mm, and the ZrN coating obtained on the back side of 
the substrate shows better mechanical properties than 
that deposited on the front side [8]. 
    OVCHARENKO et al [9] investigated the CrN 
coatings deposited at nitrogen pressure of 3.0 Pa and 
substrate bias voltage from −70 to −300 V. They found 
that the roughness of the coatings obtained on both sides 
of the substrates in the applied voltage range from −70 to 
−300 V decreases by more than 60%. The density of the 
coatings deposited on the front side of the substrate is 
lower compared with that of the coatings deposited on 
the back side of the substrate. The hardness of the 
coatings deposited on the front and back sides of the 
substrate is comparable, and decreases with increasing 
substrate bias voltage. 
    The aim of other investigations was evaluation of 
the difference in deposition rates, statistics of 
macroparticles on the surface, roughness, chemical 
compositions of the coatings deposited on samples 
placed in the same as above arrangement during the 
deposition of Cr−N coatings at substrate bias voltage of 
−70 V and nitrogen pressures of 0.5, 1.8 and 3.0 Pa [20]. 
The chemical compositions are about 65 at.% Cr and  
35 at.% N, and 68 at.% Cr and 32 at.% N of the coatings 
deposited at nitrogen pressure of 0.5 Pa on the front and 
back sides of the substrate, respectively. Nitrogen 
concentration increases and chromium concentration 
decreases to be near stoichiometric when nitrogen 
pressure increases from 0.5 to 1.8 Pa. Above this 
pressure the composition of the coatings is almost 
unchanged [20]. 
    The problematic aspects of coating deposition in a 
stationary system, especially in terms of substrates of 
different shapes and sizes, and their position in the 
working chamber with respect to the arc source are 
extremely interesting. Till now however, they have not 
met with comprehensive research. The current work 
focused on determining the conditions for the formation 
of different chromium nitride phases under the influence 
of nitrogen pressure variations. The purpose of these 
studies as a continuation of our previous investigations 
shown in Ref. [20] is also evaluating the difference in the 
structural and mechanical properties, as hardness, 

adhesion wear resistance of the coatings obtained on the 
front and back sides of the substrates. 
 
2 Experimental 
 
2.1 Coating deposition 
    TINA 900M system with cathodic evaporation 
deposition method equipped in arc sources having   
100 mm in dimension was used to synthesize CrN 
coatings on HS6−5−2 steel substrates with 32 mm in 
diameter and 3 mm in thickness. The chromium target 
purity is 99.99%. The chemical composition of the 
substrates is as follows (wt.%): C (0.36−0.42), Mn (Max. 
1.0), Si (Max. 1.0), P (Max. 0.04), S (Max. 0.03), Cr 
(12.5−14.5), Ni (Max. 0.6) and Fe balanced. The samples 
were ground with a sand paper of mesh up to 2500 grit 
and then finished in an oscillating polisher using an 
alundum slurry with a grain size of 0.3 μm to obtain a 
substrate roughness Ra of about 0.02 μm. Then, they 
were chemically degreased and ultrasonically cleaned in 
hot alkaline bath for 10 min, rinsed with distilled water 
and dried in warm air. After that, the substrates were 
placed at the distance of 16 cm from the arc source in 
vacuum chamber. Two substrates were applied to 
evaluating the properties of the coatings deposited on the 
front and back sides of the samples, at a fixed position 
with respect to the arc source, as shown in Fig. 1. It is 
only the draft of deposition system. The substrates were 
centrally located with the respect to the cathode. The 
diameter of substrates (32 mm) is much smaller than that 
of the source. 
 

 
Fig. 1 Schematic diagram of CrN coating deposition system on 
front and back sides of substrate 
 
    The chamber was evacuated to a base pressure of  
1 mPa. Then, the second step of substrate cleaning, ion 
etching using argon and chromium ions at argon pressure 
of 0.5 Pa under 70 V of negative substrate bias voltage 
for 10 min was performed. Due to the temperature 
increase above steel substrates tempering temperature the 
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application of higher bias voltage was not possible. 
Argon ions were generated using an electrical arc in a 
shielded cathode and they were accelerated towards 
etched substrate (anode). Argon and chromium ions 
stroke against the samples surface to remove the residual 
contamination-mainly oxides. The thin (~0.1 µm) 
chromium layer was deposited onto the substrate to 
improve the adhesion before coating deposition [12]. A 
deposition process was performed on the substrates 
heated to a temperature of 300 °C, at substrate bias 
voltage of −70 V with arc current of 80 A. Two sets of 
samples with fixed substrate bias voltage of −70 V and 
three nitrogen pressures of 0.5, 1.8 and 3.0 Pa on the 
front and back sides of substrate were prepared. 
 
2.2 Coating evaluation 
    The coating phase composition was evaluated by 
X-ray diffractometer (DRON 04−7). Cu Kα radiation 
source and nickel-selectively absorbing filter were 
applied. All spectra were recorded under the same 
conditions. The results were interpreted using the JCPDS 
database. The Rietveld method [21,22] was used to 
determine the phase composition of the coatings and 
their textures. The Williamson−Hall method was used to 
calculate the crystalline size and microstrain level. In 
order to account for instrumental peak broadening, Si 
powder with a grain size of about 30 μm was used as a 
reference. 
    The thickness of the coatings was evaluated using 
the crater grinding method (Calotest). The hardness of 
the coatings was investigated using Fisherscope® 
HM2000 system. Due to high surface roughness, typical 
for its deposition technique, the method described by 
ROMERO et al [23] was applied. Using the fine alumina 
powder (1 µm) as a medium, the coatings were polished 
to reduce the roughness to 0.04−0.05 µm. After this 
operation, the statistic of measurements was highly 
improved. The average hardness value was computed at 
least 20 measurements. 
    Adhesion and other mechanical failure modes were 
performed by a scratch test (Revetest® Scratch−CSEM). 
A diamond type C Rockwell indenter with the radius of 
200 µm was applied. Each sample was made at least      
3 parallel scratches (10 mm in length) by a moving 
indenter with a speed of 10 mm/min. The load increased 
linearly from 0 to 100 N. The critical load 

1cL was the 
load at which the coating failures appeared and was 
determined on the basis of the acoustic emission 
registered during the test and microscope observations. 
The critical load 

2cL occurred when total delamination 
of the coating was observed. Additionally, the adhesion 
was determined using the Daimler−Benz test [24]. A 
six-grade scale indicates good adhesion (HF1–HF4) with 
small cracking or delamination of the coating in the 

surrounding of the crater, whereas HF5 and HF6 
represent a poor adhesion with a large coating 
delamination around the indented zone. 
    The friction coefficient was determined using the 
ball-on-disk device under the following conditions: 
counterbody of Al2O3 ball (a hardness of 15 GPa, a 
diameter of 10 mm and Ra of ~0.03 µm), load of 20 N, 
sliding speed about 0.2 m/s, sliding distance of 1000 m 
(14000 revolutions). Measurements were carried out 
without lubrication (dry sliding) at an ambient 
temperature in an atmosphere with a humidity being 
around 50%. 
    The surface roughness and profiles of wear tracks 
were measured with a T 8000 Hommel–Werke roughness 
tester profilometer. The wear rate was calculated from 
the volume of the material removed during the friction 
test divided by the product of the length of the friction 
distance and load [25]. Calculations were made for     
5 samples. 
 
3 Results and discussion 
 
3.1 General characterization of deposited samples 
    It has been found that the thickness of the coatings 
(Table 1) obtained on the front side of the substrate is 
almost uniform. The thickness of the coatings obtained 
on the back side of the substrate depends on the 
technological conditions and grows with increasing 
nitrogen pressure. There is no difference in the thickness 
of the coating on the sample measured by ball-cratering 
method (Calotest) or in its chemical composition. The 
thickness of the coating is connected with deposition rate 
and deposition time. The change in thickness for constant 
deposition time is related with deposition rate. The latter 
changes with substrate bias voltage [8,9,17], type of  
gas [20] and gas pressure [8,17,20]. According to 
KHOROSHIKH et al [17], the rate of particle generation 
at the discharge cathode decreases with the increasing 
nitrogen pressure. However, an increase in deposition 
rate can be observed under high nitrogen pressure on the 
front and back sides of the substrates. As a result of large 
number of collisions of the metal particles with nitrogen, 
the spatial distribution of the particles changes, leading  
 
Table 1 Thickness and roughness (Ra) of CrN coatings 
deposited on front and back sides of substrates dependent on 
technological conditions 

Deposition 
parameter 

Coating 
thickness/µm  Roughness, 

Ra/µm 

UB/V 2Np /Pa Front Back  Front Back
−70 0.5 8.8 0.1  0.10 0.03 
−70 1.8 8.8 2.2  0.12 0.05 
−70 3.0 8.3 3.2  0.15 0.09 
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to an increase in the concentration of particles in the 
region of the sample location. During the collisions, 
there is probably a reduction in their energy, and 
consequently, a reduction in the resputtering 
phenomenon. Therefore, the deposition rate will increase. 
There is also another effect of the collisions. The 
movement of the particles is more chaotic, which 
increases the deposition rate on the back side of the 
substrate. 
    The surface roughness of CrN coatings also depends 
on the nitrogen pressure in the working chamber during 
deposition process. Nitrogen pressure has an immense 
effect on the surface roughness of the growing film. An 
increase in the roughness of the coatings obtained in both 
substrate positions with increasing nitrogen pressure was 
observed. 
    It is known that many coating properties such as 
roughness, adhesion and wear rate should be considered 
for coatings of similar thicknesses. Unfortunately, due to 
different deposition rates dependent on nitrogen pressure 
the thickness for coatings deposited on the back side of 
the substrate varies. For example, at nitrogen pressure of 
0.5 Pa the thickness ratio of on the front side to back side 
is 88:1. This means that deposition time ought to be at 
least 88 times longer to obtain coatings with similar 
thickness. Very long deposition time with coatings and 
substrates heated to about 300 °C may change the 
structure of the coating, e.g. grain growth, which may 
result in reduced hardness. Simultaneously, the increase 
in deposition time affects the increase of surface 
roughness [26]. Particle migration process activated by 
temperature can also occur. Particles overcome the 
energy barrier of the site and jump to their vacant 
neighboring site, thus reducing porosity [27]. Low 
deposition rate and very long deposition time can favor 
dense structure forming with other mechanical properties. 
Based on it the coatings deposited at the same time were 
evaluated. 
 
3.2 XRD pattern 
    X-ray diffraction was used to determine the 
chromium nitride phases in coatings obtained. Although 
the diffraction pattern of the Cr−N phases is well 
described in the literature, in the case of coatings 
containing a mixture of cubic and hexagonal phases of 
CrN obtained on a steel substrate, the unequivocal 
identification of the resulting phases is straitened. 
    The diffraction patterns of Cr−N coatings deposited 
on the front and back sides of the substrate under varying 
nitrogen pressure conditions are shown in Fig. 2. The 
presence of iron (probably from steel substrate), CrN 
cubic and Cr2N hexagonal phases is confirmed. 
    Cr−N coating obtained on the front of the substrate 
under a nitrogen pressure of 0.5 Pa at a substrate bias  

 

 
Fig. 2 X-ray diffraction patterns of Cr−N coatings deposited at 
front (a) and back (b) sides of substrates at different nitrogen 
pressures 
 
voltage UB=−70 V (Fig. 2(a)) is characterized by 
hexagonal structure (Cr2N) with lattice parameters of 
a=0.4859 nm and c=0.4309 nm. These values differ from 
the standard data a=0.48113 nm and c=0.44841 nm 
(JCPDS 35−0803). The shift of the diffraction lines to 
lower diffraction angles, as well as the lattice microstrain 
of about 3.6×10−3 (about 0.36%), may be caused by the 
stresses generated in the coating during deposition. The 
concentration of Cr2N phase was evaluated by Rietveld 
method, about 94%. This coating is characterized by 
strong texture. The highest intensity of diffraction lines 
was recorded not for (111) plane but for (300) plane. An 
increase in nitrogen pressure favors the formation of a 
cubic CrN phase. The crystal lattice parameter grows 
from 0.4156 nm (1.8 Pa) to 0.4171 nm (3.0 Pa). These 
values are higher than standard data (0.4140 nm, ICDD 
11−0065). The differences are related to the strong 
texturing of coatings, about 65%. For the coating 
obtained at nitrogen pressure of 1.8 Pa, the (220) plane 
dominates, and for the coating obtained at higher 
pressure (3 Pa), (111) plane dominates. 
    Cr−N coating deposited on the back side of the 
substrate (Fig. 2(b)) under nitrogen pressure of 0.5 Pa is 
also characterized by hexagonal structure of chromium 
nitride and lattice parameters different from standard 
data and amounted to a=0.4816 nm and c=0.4504 nm. 
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(111) and (002) planes dominate in this coating. The 
most intense (300) plane for coating deposited on the 
front side of the substrate was not observed. The increase 
in nitrogen pressure to 1.8 Pa changes the phase 
composition of the coating. The typical diffraction lines 
for cubic phase of chromium nitride appear: (111), (200) 
and (222) positioned at 2θ values about 37.6°, 43.6° and 
80.0°, respectively. For coatings deposited at nitrogen 
pressure of 3.0 Pa, a diffraction line from the plane (311) 
was also recorded. It should be noted that the diffraction 
lines from the coatings obtained at nitrogen pressures of 
1.8 and 3.0 Pa are characterized by varying intensity. The 
coating obtained at the highest nitrogen pressure of   
3.0 Pa shows lattice microstrain about 0.25%, similar to 
the coating deposited on the front substrate. 
    The crystallite sizes increase with the increase of 
nitrogen pressure in deposition process. For coatings 
deposited at 

2Np =1.8 Pa on the front and back sides of 
the substrate they are about 40 and 60 nm, respectively. 
For coatings deposited at the highest nitrogen pressure of 
3.0 Pa, the crystallite size increases by about 15%. 
    It should be noted that the positions of diffraction 
lines of iron (ICDD 06−0696) and chromium (ICDD 
06−0694) are very close due to the strong similarity of 
the crystalline structure: both cubic Im3m (229) and the 
lattice parameters respectively 0.28839 and 0.28664 nm. 
Cathodic arc evaporation deposition method is 
characterized by the presence of a large number of 
macroparticles composed mainly of pure metal, here 
chromium, which occurs both on the surface of the 
coating and its cross-section [28]. Additionally, because 
the macroparticles occupy relatively large surface   
area [20] the overlapping of diffraction lines from 
substrate (iron) and chromium (macroparticles) cannot 
be excluded. 
    The values of the texture coefficients Tc for the 
planes are proportional to the number of crystallite that 
are oriented with the corresponding crystallographic 
plane parallel to the sample surface. The texture 
coefficient Tc(hkl) was calculated using Eq. (1) [29] and 
the diffraction patterns of the coatings shown in Fig. 2:  


= n

hklIhklI
n

hklIhklIhklT

1
o

o
c

)(/)(1
)(/)()(                   (1) 

 
where I(hkl) is the diffraction line intensity from the (hkl) 
plane for the textured sample, Io(hkl) is the respective 
intensity corresponding to the bulk CrN data from 
JCPDS file No. 11−0065, and n is the number of 
diffraction lines analyzed. 
    The texture coefficient Tc(hkl) measures the relative 
degree of preferred orientation among crystal planes. It 
was calculated for all registered planes, as shown in 
Table 2. The value of the coefficient is proportional to 

Table 2 Texture coefficients Tc(hkl) for CrN coatings deposited 
at nitrogen pressures of 1.8 and 3.0 Pa 

Nitrogen 
pressure/

Pa 

Type of
sample

Tc value of (hkl) plane 

(111) (200) (220) (311) (222) (331) (420)

1.8 
Front 0.68 1.48 1.68 0.94 − − 0.21
Back 2.05 0.27 − − 0.67 − −

3.0 
Front 3.58 0.27 0.10 0.18 0.61 − 1.25
Back 2.67 0.91 − 0.05 0.37 − −

 
the number of preferentially oriented (hkl) planes. Tc(hkl) 
close to unity indicates a randomly distributed powder 
sample, and Tc(hkl)>1 indicates preferential orientation. 
High preferred orientation is attributed to many grains in 
this orientation. 
    It should also be pointed out that the coating 
deposited on the front side of the substrate was 
significantly greater in thickness compared to the 
coatings obtained on the back side of the substrate, as 
shown in Table 1. In spite of this, the intensity of the 
recorded diffraction lines is higher in the latter case, 
which may indicate the presence of greater number of 
crystallites in the coating. 
    Using Rietveld method, the densities of the coatings 
were calculated and shown Table 3. The results show the 
lower density of the coatings deposited on the back side 
of the substrates compared to the front side. The next 
finding is connected with nitrogen pressure relationship 
during deposition. The higher the nitrogen pressure is, 
the lower the coating density is. 
 
Table 3 Densities of CrN coatings deposited at different 
nitrogen pressures on front and back sides of substrates 

Nitrogen pressure/Pa 
Coating density/(kg∙m−3) 
Front Back 

0.5 6672 6497 
1.8 6107 5964 
3.0 6042 5964 

 
    The density of the hexagonal Cr2N phase is about 
6.54 g/cm3 [12,14]. Cubic CrN phase is characterized by 
lower density values of 6.17−6.3 g/cm3 [12,14,30,31]. 
However, there are also reports about CrN coating 
density lower than 6 g/cm3 [30]. Significantly lower CrN 
density was reported by CUNHA et al [32]. They found 
that coating density depends on the substrate temperature, 
substrate bias voltage, and magnetron power. Their CrN 
coatings were generally loosely packed with mean 
density of 55%−85% bulk density. 
    The coating deposited at nitrogen pressure of 0.5 Pa 
shows that Cr2N structure and its density ought to be 
higher than coatings deposited at nitrogen pressures of 
1.8 and 3.0 Pa. 



B. WARCHOLINSKI, et al/Trans. Nonferrous Met. Soc. China 29(2019) 799−810 

 

804

    The decrease of coating density is probably 
connected with a decrease of the mean free path in the 
deposition chamber. High temperature of the substrate as 
well as high substrate bias voltage should favor the 
formation of a dense coating [9]. However, the energy 
dissipation of particles and ions by collisions reduces the 
density of coatings. Observed density reduction of CrN 
coatings with the increase of nitrogen pressure results 
from the increasing number of collision of particles, ions 
and Cr atoms with nitrogen, which makes them lose 
energy in this process. The nucleation of such particles is 
poor, the micro-holes and pores form, which leads to low 
density of coatings [30]. 
 
3.3 Morphology 
    The differences in morphology of CrN coatings 
obtained at nitrogen pressure of 1.8 Pa on the front and 
back sides of the substrate are shown in Figs. 3(a) and 
(b), respectively. The greater amount, especially small 
particles on the surface of the coating deposited on the 
front side of the substrate (Fig. 3(a)) compared to back 
side (Fig. 3(b)) is clearly visible. With the increase in 
nitrogen pressure, the amount of macroparticles on the 
coating surface grows. It is probably the reason for the 
increase in surface roughness (Table 1). These macro 
defects of the coatings can be identified as drops of 
cathode material. The number of surface defects 
decreases with the increase in the bias voltage of the 
 

 

Fig. 3 SEM images of surface morphology of CrN coatings 
deposited on front (a) and back (b) sides of samples at nitrogen 
pressure of 1.8 Pa 

substrate [20]. This is because most of the drops placed 
in plasma get negative potential and are repelled by the 
sample surface to which the negative potential is applied. 
The tested samples were deposited at relatively small 
substrate bias voltage of −70 V. Macroparticles could 
also be deposited after reflection from structural 
elements of the vacuum chamber. 
    In the coatings deposited on the back side of the 
substrate (Fig. 3(b)), large number of craters are  
apparent. In some of them small particles are positioned. 
Two possible interpretations of their formation can be 
presented. Firstly, the creation of craters can be 
associated with surface shadowing by large and poorly 
joined coating particles during deposition. The second 
one was presented by KHOROSHIKH et al [8]. They 
pointed out that some of the particles moving from the 
cathode to the condensation surface, can be heated to the 
temperature at which thermionic emission occurs and 
they acquire a positive potential. This leads to an 
increase in the flux of plasma electrons to the particle 
and, as a result, a sharp increase in its temperature, even 
to 5000−7000 K. The effect of heating droplets can be 
expected for materials combining a relatively small 
electron work function φ and a high melting point. Such 
materials include chromium with melting point of   
2180 K and φ=4.5 eV. These positively charged droplets 
of high energy due to thermal and mechanical effects 
lead to the formation of the rounded craters. 
    The formation of craters is probably related to the 
energy and the ion flux. LIN et al [33] compared CrN 
coatings deposited by DC magnetron sputtering, middle 
frequency pulsed DC magnetron sputtering, and 
modulated pulse power magnetron sputtering. They 
found that the CrN coatings formed using modulated 
pulse power magnetron sputtering characterized by low 
ion energy and high ion flux exhibited dense 
microstructure, fine grain size and smooth surface with 
high hardness, improved adhesion and wear resistance. 
The increase in nitrogen pressure, due to scattering,  
reduces the free path and ion energy. Additionally, the 
ion flux increases. Because of the low ion kinetic energy 
the mobility of the adatoms on the substrate is low. These 
conditions will probably lead to the porous micro- 
structure development [34]. 
 
3.4 Hardness and elastic modulus 
    Values of mechanical characteristics such as 
hardness (H) and elastic modulus (E), were determined 
using microhardness testing for the coatings. Generally, 
the hardness of coatings deposited on the front side of 
the substrate decreases with the increase of nitrogen 
pressure, as shown Fig. 4, and ranges from 24 to 18 GPa. 
The hardness of coatings on back side of the substrate  
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Fig. 4 Hardness of coatings deposited on front and back sides 
of substrate at different nitrogen pressures 
 
increases with increasing nitrogen pressure and is 
between 17 and 19 GPa. Due to the hardness 
measurement uncertainty, about 2 GPa, it can be 
concluded that hardness of such coatings is similar 
although the increasing trend of nitrogen pressure is 
apparent. The lower hardness on the back side of the 
substrates can be connected with lower coating   
density [9]. 
    In general, the hardness of hexagonal phase of 
chromium nitride is higher than that of the cubic   
phase [14,33,35]. GRECZYNSKI et al [36] did not 
confirm this trend. They found that hardness for 
stoichiometric Cr2N and CrN is essentially the same, 
about 26 GPa. Due to their prominent covalent bonding, 
the hexagonal transition metal nitrides such as Cr2N, 
Ta2N, V2N and Nb2N would exhibit significantly higher 
hardness values than CrN, TaN, VN and NbN cubic  
ones [37]. This means that hardness of the coatings 
deposited on both sides of substrate at 0.5 Pa should be 
higher than that of coatings deposited at higher nitrogen 
pressures. With coating deposited on the back side of the 
substrate at nitrogen pressure of 0.5 Pa it seems obvious. 
The coating thickness is very small, about 100 nm and 
the indentation depth ought to not exceed 10 nm. 
Probably the effect of the soft substrate is here registered. 
    The difference in hardness of the coatings deposited 
on the front side of the substrate can be more explained 
as follows. XRD results indicate that microstrain in this 
coating (3.6×10−3) is lower than that in coating deposited 
at 1.8 Pa of nitrogen pressure (5.6×10−3). For coating 
deposited at nitrogen pressure of 3.0 Pa the microstrain is 
the lowest, 2.5×10−3. Significantly lower microstrain is 
observed in coatings deposited on back side of the 
substrates. It ranges from 2.5×10−3 (

2Np =3.0 Pa) to 
3.0×10−3 (

2Np =1.8 Pa). Additionally, the increase in 
nitrogen pressure leads to the increase in the number of 
ions bombarding the surface of the coating. This can lead 

to an increase in compressive stresses in the coating and 
as a result, an increase in the hardness. The values of 
hardness are similar to coatings deposited under the same 
technological conditions, but in planetary rotation  
system [38]. 
    The hardness change of stoichiometric CrN phase 
can be connected with crystallite size. MAYRHOFER  
et al [39] indicated that hardness for stoichiometric CrN 
was not related to the smallest crystallite size. Based on 
Hall−Petch relationship, one can state that the hardness 
decreases for the crystallite dimensions other than  
10−20 nm. For sputtered CrN films with stoichiometric 
composition the crystallite size was estimated to be    
12 nm. The coatings investigated here are characterized 
by higher crystallite size. The coatings deposited on the 
front side of the substrates have lower crystallite size 
compared to the coatings deposited on the opposite side 
probably due to the hardness of the latter coatings is 
lower. 
    CUNHA et al [32] found that the hardness and 
elastic modulus of the coatings decreased with increasing 
density and crystallite size. LE et al [40] studied the 
effect of nitrogen pressure on mechanical and structural 
properties of CrAlBN thin films. They stated that 
hardness and crystalline size of the films decreased and 
crystalline size increased with the increase of the 
nitrogen pressure. This softening of the coatings can be 
connected with the particle and ion stream from cathode 
scattered during collisions with gas atoms as well as 
reflections and sputtering from the chamber walls. Hence, 
the density of coatings becomes lower with the increase 
in nitrogen pressure. This process also takes place on the 
back side of the substrate, where there is no direct impact 
of ions on the substrate. Therefore, its impact energy is 
lower, which results in a loose coating structure with 
more pores. 
    The changes of elastic modulus (Fig. 5) of the 
coatings are the same as changes of hardness. The values  
 

 

Fig. 5 Elastic modulus of coatings deposited on front and back 
sides of substrate at different nitrogen pressures 
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of elastic modulus for coatings deposited in stationary 
system (344 GPa) are higher than those of coatings 
deposited in planetary rotation system, 285 GPa [38]. 
    Hardness is one of the indicators of wear resistance. 
However, it seems that the elastic strain to failure related 
to the ratio of hardness (H) and elastic modulus (E) is a 
more suitable parameter for predicting the wear 
resistance [41]. It is regarded as a responsible parameter 
of elastic surface behavior in contact with external  
forces. High H/E is usually beneficial to wear resistance 
due to higher elastic strain to fracture. The high H/E ratio 
should indicate a good toughness, but in many cases it is 
associated with brittleness. The H3/E2 ratio allows the 
ranging of the coatings against the plastic deformation 
resistance. The calculated values of H/E and H3/E2 ratios 
in terms of nitrogen pressure during deposition and 
substrate position related to arc source are summarized in 
Table 4. 
 
Table 4 Elastic strain to failure (H/E) and resistance to plastic 
deformation (H3/E2) ratios calculated for coatings deposited on 
front and back sides of substrate at different nitrogen pressures 

Nitrogen 
pressure/Pa 

H/E  (H3/E2)/GPa 

Front Back  Front Back 

0.5 0.07±0.01 0.07±0.02  0.10±0.02 0.09±0.03

1.8 0.07±0.03 0.06±0.01  0.11±0.08 0.06±0.02

3.0 0.06±0.01 0.06±0.01  0.06±0.02 0.07±0.02

 
    The values of H/E in coatings deposited on the front 
and back sides of the substrates are similar, 0.06−0.07. It 
is smaller than 0.1 which defines the “nonplastic zone” 
(below) and “plastic zone” (above) [42]. It indicates the 
elastic properties of the coatings although it does not 
have to prejudge good anti-wear properties. Similar H/E 
values were presented in other researches [28,38,43]. 
LIN et al [33] found that H/E ratio is constant, about  
0.08, and independent of coating thickness. 
    Due to relatively high elastic modulus of the 
coatings the H3/E2 ratio is small and ranges from 0.06 to 
0.11 GPa. The values are rather small and indicate that 
coatings may exhibit rather low wear resistance, 
especially when using heavy loads. 
 
3.5 Adhesion 
    The critical load (Lc) of Cr−N coatings gradually 
increases with the increase of nitrogen pressure during 
deposition. The coating deposited at nitrogen pressure of 
0.5 Pa exhibits the smallest Lc of 50−65 N dependent on 
substrate position during deposition, as shown in Fig. 6. 
The higher the nitrogen pressure is, the higher the critical 
load is, even to be 90−100 N at nitrogen pressure of   
3.0 Pa. 

 

 
Fig. 6 Critical load 

2cL  of coatings deposited on front and 
back sides of substrate at different nitrogen pressures 
 

The coatings deposited on the back side of the 
substrate show higher critical loads 

2cL  except the 
coating deposited at nitrogen pressure of 0.5 Pa. The 
thickness of the latter coating is about 0.1 µm and cannot 
be compared to other thicker coatings. The deposition 
rate in the case of the coatings deposited on the back side 
of the substrate is significantly lower. This means that 
the number of defects in the coatings is also lower 
compared with “front” coatings. The coatings deposited 
on the back side of the substrates are characterized by a 
small number or even lack of the macroparticles on the  
surface. So, they are more homogenous than coatings 
deposited on the front side. The absence of the 
macroparticles on the surface is also connected with their 
absence in the coating. There are no defects to initiate 
cracking under load. The coatings show higher adhesion 
strength. 
    Critical load Lc depends on many factors: the 
adhesive strength between the coating and the substrate, 
the thickness of the coating, the friction coefficient 
between the coating and the scratch stylus and its 
possible wear during test [4], the hardness of the coating 
and the substrate, the surface roughness, the size and 
hardness of the particles in contact with stylus [44]. This 
means that interpretation of the results is difficult. For 
example, the coatings deposited on harder substrates 
present higher critical loads [45]. For this reason, all 
tested coatings were deposited on HS6−5−2 steel 
substrates with similar hardness of 7.5−7.8 GPa    
(HRC 62−63). But due to technological conditions it is 
not always possible to deposit coatings with similar 
number of macroparticles on the surface (roughness) or 
coefficient of friction. This means that the inference of 
coating properties is only approximate. 
    As critical load 

1cL is the minimum load at which a 
failure or cracking of the coating occurs. The critical load 

2cL  occurs when total delamination of the coating is 
observed. Simultaneously, critical force 

1cL can be 
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considered as resistance to crack initiation. Due to 
protecting character of the coatings the possible highest 

1cL  is required, because it is more difficult to initiate 
cracking of the coating. ZHANG et al [46] found that 
both possible high 

1cL  and difference 
2c(L −

1c )L  are 
required for high toughness of the coating. The new 
parameter termed CPRS (crack propagation resistance of 
scratch) to quickly qualitative indication of the film 
toughness was defined as 

1 2c c(CPRS L L= −
1c ).L  Based 

on the equation the CPRS was calculated, as shown in 
Table 5. 
    It was found that the highest toughness occurs for 
coatings deposited at nitrogen pressure of 3.0 Pa. This 
means that these coatings should present better wear 
resistant properties than others. 
    The Daimler−Benz (DB) test showed (Fig. 7) all 
failure modes: the circumferential (Fig. 7(a)), the radial     

(Figs. 7(a, c, e)) and the lateral (Figs. 7(d, f)) cracks and 
small spallings around indentation (Figs. 7(b, c, d, e)). 
The coatings characterized by high hardness (highly 
brittle nature) and good adhesion possess only radial 
cracks around the indentation. Total delamination of the 
coating around the indentation is typical for hard 
coatings with poor adhesion. The thinnest hard coatings 
with good adhesion show a few radial cracks with/without 
 
Table 5 CPRS parameter for CrN coatings deposited on front 
and back sides of substrates 

Nitrogen pressure/Pa 
CPRS/N2 

Front Back 

0.5 998 626 
1.8 1282 1572 
3.0 2042 2391 

 

 
Fig. 7 Failure modes of Cr−N coatings deposited on front (a, c, e) and back (b, d, f) sides of substrates at nitrogen pressures of    
0.5 Pa (a, b), 1.8 Pa (c, d) and 3.0 Pa (e, f) 
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small detachment of the coating. Due to the type of 
coating damage, the coatings were classified as HF1 and 
HF2, i.e. the coatings with the highest adhesion as shown 
in Fig. 6. The individual case is the coating deposited on 
back side of the substrate at nitrogen pressure of 0.5 Pa, 
Fig. 7(b). Very thin coating, about 0.1 µm, cannot 
appropriately react on high normal load during DB test. 
The cracking and flaking of the coating without radial 
cracks are observed. 
 
3.6 Wear 
    The tribological properties of the coatings were 
tested using a CSM ball-on-disk system with Al2O3 
counter body without lubrication at ambient temperature. 
During friction test the wear debris from the sliding pair 
were not removed. They can constitute in friction process 
so-called “third body” and in consequence lead to the 
increase in coefficient of friction. The mean coefficient 
of friction for coatings deposited at the lowest nitrogen 
pressure is high, about 0.68±0.3, typical for Cr2N 
coatings. The coatings deposited at higher nitrogen 
pressure are characterized by lower coefficient of friction 
ranging from about 0.52 to about 0.57 dependent on 
nitrogen pressure and side of substrate covered by 
coating. Similar values of coefficient of friction for Cr2N 
ranging from 0.65 to 0.8 were presented in Refs. [13,47]. 
Cubic CrN coatings are characterized by little lower 
values of friction coefficient ranging from 0.4 to     
0.8 [13,47]. It probably depends on coating formation 
and test conditions: the nature of the counter body, load, 
sliding speed, etc. 
    Based on the wear profiles in tracks produced in the 
friction test the wear rates were calculated, as shown in 
Fig. 8. The highest values of wear rates were for coatings 
deposited at nitrogen pressure of 0.5 Pa. The coatings 
with hexagonal structure Cr2N are characterized also by 
the highest coefficient of friction. This effect was 
described previously [47]. The coatings deposited at 
 

 
Fig. 8 Wear rates of coatings deposited on front and back sides 
of substrate at different nitrogen pressures 

higher nitrogen pressures (1.8 and 3.0 Pa) present similar 
wear rate, ranging from 1.8×10−7 to 2.4×10−6 mm3/(N∙m), 
despite deposition conditions. 
    Many authors consider hardness to be the main 
parameter determining good tribological properties of the 
coatings; however, some of them indicate that a high 
hardness does not correspond to a good wear resistance 
or elastic modulus [13,41]. 
    Lower wear rate for coatings deposited on the front 
side of the substrate correlates with higher H/E and H3/E2 

ratios. The other explanation can be connected with 
coatings density. Coatings deposited on the front of the 
substrates have higher density compared to the coatings 
deposited on the back side, see Table 3. 
    Due to increasing crystalline size, the critical 
fracture stress of grain boundary is decreased. The 
decrease of H3/E2 ratio corresponds to the increase of 
nitrogen pressure. It is known that the H3/E2 ratio is 
proportional to the resistance of the films to plastic 
deformation. 
 
4 Conclusions 
 
    (1) The structural, mechanical and tribological 
properties of Cr−N coatings formed at different nitrogen 
pressures on front and back sides of the substrate were 
investigated in this work. 
    (2) The thickness of the coating deposited on the 
front side of the substrate is higher than that of the 
coating deposited on the back side of the substrate. The 
coating roughness Ra increases with the increase of 
nitrogen pressure. The surface roughness of the coatings 
deposited on the back side of the substrate is 
significantly lower. The number of surface defects in 
coatings deposited on the front side of the substrate is 
higher than that on the back side. 
    (3) Dependent on nitrogen pressure, hexagonal 
Cr2N and cubic CrN can be formed. The change of the 
lattice parameter in coatings deposited at nitrogen 
pressures of 1.8 and 3.0 Pa is probably due to changes in 
the nitrogen content in the resulting layer. All tested 
coatings are strongly textured. 
    (4) Hardness and elastic modulus of the coatings 
deposited on the front side of the substrate are higher 
compared with those of the coatings deposited on the 
back side; however, the H/E ratios are similar for all 
coatings. The coatings with higher concentration of 
nitrogen show higher critical load 

2c .L Relatively low 
value of 

2cL for the coating deposited at nitrogen 
pressure of 0.5 Pa (about 60 N) is suitable for the 
resulting Cr2N hexagonal phase. The lowest wear rate 
presents for the coatings deposited at nitrogen pressure 
of 1.8 Pa. It is about 1.8×10−7 mm3/(N∙m) on the front 
side of the substrate and 5.0×10−7 mm3/(N∙m) on the 
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back side. Above results are confirmed by the highest 
H/E and H3/E2 ratios. 
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摘  要：采用静态阴极电弧蒸发法，在基体面向等离子体源的正表面和其背面沉积 CrN 涂层。研究氮气压力对涂

层的结构、相组成、力学性能和摩擦学性能的影响。分别用扫描电镜、接触轮廓仪和 X 射线衍射仪对涂层的形貌

和结构进行表征，采用纳米压痕法对其力学性能进行研究，并采用球盘式摩擦计对涂层的摩擦磨损性能进行研究。

结果表明，涂层沉积过程中氮气压力的增加将导致相变的发生，其顺序为 Cr2N → Cr2N + CrN → CrN。与沉积在

基体背面的涂层相比，沉积在基体正面的涂层的粗糙度更高，这主要是正面涂层中大颗粒的数量较多造成的。基

体正面涂层的硬度和弹性模量也较高。研究还发现，涂层的附着力与磨损率呈反比关系。 
关键词：氮化铬；电弧蒸发；相成分；粗糙度；硬度；磨损 
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